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A micropuncture study of renal sodium retention in
nephrotic syndrome in rats: Evidence for increased
resistance to tubular fluid flow
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Renal, Hypertension and Electrolyte Division, Department of Medicine, Montefiore Hospital and Medical Center and the
Albert Einstein College of Medicine, Bronx, New York
A micropuncture study of renal sodium retention in nephrotic
syndrome in rats: Evidence for increased resistance to tubular
fluid flow. Micropuncture studies were carried out in surface
nephrons of rats with nephrotoxic-serum (NTS) -induced ne-
phrotic syndrome during a period of active sodium and water
retention. It was found that hydrostatic pressure and tubular di-
ameter were increased in the proximal tubules (13.4 0.2 vs.
10.4 0.2 mm Hg; 31.3 0.9 vs. 18.4 0.7 p, whereas pres-
sure and tubular diameter were normal in the distal tubules.
Single nephron glomerular filtration rate (SNGFR) was de-
creased and fractional reabsorption of fluid was markedly in-
creased in the proximal tubules (74.1 vs. 61.7%). The increased
pressure gradient between the proximal and distal tubules sug-
gests a condition of increased resistance to flow between the
proximal and distal tubules. Microinfusion of proximal tubules
with an isotonic "equilibrium" solution led to little or no rise in
intratubular pressure in normal rats but it led to a significant rise
in nephrotic rats. When proximal tubules of normal rats were
infused with a solution containing 100 mg/l00 ml albumin, pres-
sure rose to levels observed in nephrotic rats. The mechanism of
the increased resistance to flow appeared to be related, there-
fore, to the presence of protein in the tubular fluid. Sodium reten-
tion in the nephrotic animals might be attributed to the reduction
in GFR. In other types of renal disease in animals and man with
comparable or greater reductions in GFR, sodium retention does
not occur, however, and fractional excretion of sodium in the
urine is increased in proportion to the reduction in GFR. Thus,
the rise in proximal fractional reabsorption secondary to im-
paired fluid flow could be an important factor in the sodium re-
tention of this disease.
Etude par microponction de Ia retention rénale de sodium au
cours du syndrome nephrotique chez le rat: Preuve d'une augmen-
tation de Ia résistance a l'écoulement dans le tube. Des micro-
ponctions de néphrons superficiels ont été réalisées chez des
rats atteints de syndrome nephrotique, déterminé par le serum
néphrotoxique, au cours de Ia période de retention d'eau et de
sodium. Il a été constaté que la pression hydrostatique et le
diamétre tubulalre sont augmentés dans les tubes proximaux
(13,4 0,2 vs. 10,4 0,2 mm Hg ; 31,3 0,9 vs. 18,4 0,7 ),
alors que Ia pression dans les tubes distaux, ainsi que leur diam-
étre, sont normaux. Le debit de filtration individuel des néph-
rons (SNGFR) est diminué et Ia reabsorption fractionnelle d'eau
est augmentCe dans les tubes proximaux (74,1 vs. 61,7%).
L'augmentation de gradient de pression entre les lubes proxi-
maux et distaux suggére qu'il existe une augmentation de Ia ré-
sistance a l'écoulement entre ces deux segments. La micro-
perfusion des tubes proximaux avec une solution isotonique
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'equilibree" ne determine pas, ou peu, d'augmentation de Ia
pression intratubulaire chez les rats normaux mais, chez les rats
atteints de syndrome nephrotique, I'augmentation est signifi-
cative. Quand les tubes proximaux des rats normaux sont per-
fuses avec une solution contenant 100 mg/lOO ml d'albumine, la
pression atteint les valeurs observées chez les rats nephrotiques.
Le mécanisme de l'augmentation de Ia résistance a l'écoulement
paraIt donc être en relation avec Ia presence de protéines dans le
liquide tubulaire. La retention de sodium chez les animaux
néphrotiques peut être attribuée a Ia diminution du debit de fil-
tration glomerulaire. Cependant, au cours d'autres maladies ré-
nales de I'homme ou de l'animal, comportant une diminution
comparable ou plus grande du debit de filtration, Ia retention de
sodium ne survient pas et l'excrétion fractionnelle de sodium est
augmentée en proportion de Ia reduction du debit de filtration
glomerulaire. Ainsi l'augmentation de Ia reabsorption fraction-
nelle proximale secondaire a la gene a l'écoulement pourrait-elle
étre un facteur important de Ia retention de sodium au cours de
cette maladie.
The mechanism of sodium and water retention in
the nephrotic syndrome has not been explained ade-
quately. It generally is thought that reduced plasma
volume due to hypoalbuminemia leads to neurogen-
ic and/or hormonal stimuli which acts on the kidney
to cause retention of sodium and water [1]. Al-
though a number of micropuncture studies have
been reported in animals with nephrotoxic-serum-
induced nephrotic syndrome [2-5], no unique infor-
mation was gained as to the mechanism of sodium
retention. Fractional reabsorption of sodium by the
proximal tubules was found to be normal in almost
all previous studies, and the site of sodium retention
was presumed to be in the distal portions of the
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nephron. Inmost of these studies, however, the mi-
cropuncture data were obtained at variable stages
of the disease process, and not specifically during
the period of active accumulation of sodium and
water.
The present experiments were carried out in rats
in an early stage of nephrotoxic-serum-induced
nephrotic syndrome, at a time when the animals
were retaining sodium and water. We found that hy-
drostatic pressure and internal diameter were in-
creased in the proximal tubules, but not in the distal
tubules. Fractional reabsorption of fluid in the prox-
imal tubule was increased markedly. Microinfusion
of proximal tubules of nephrotic rats with an isoton-
ic "equilibrium" solution led to a significant rise in
intraluminal hydrostatic pressure, whereas infusion
of tubules of normal rats caused little or no increase
in pressure. Infusion of proximal tubules of normal
rats with the same solution containing 100 mg/l00
ml albumin led to a rise in pressure comparable to
that observed in the nephrotic rats perfused with
nonprotein-containing solution. The findings are
consistent with the view that there is increased re-
sistance to flow of fluid between the proximal and
distal convoluted tubules in the nephrotic rats, ap-
parently related to the presence of protein in the
tubular fluid. We propose that the resulting slow
flow in the proximal tubules plays an important role
in the salt and water retention of the nephrotic syn-
drome.
Methods
Nephrotoxic serum (NTS) nephritis, which re-
sults in a nephrotic syndrome, was induced in rats
using rat antisera prepared by and provided to us by
Dr. R. M. Gilbert. The antibody to rat kidney was
produced in rabbits as follows: kidneys from ten
rats were excised, washed in isotonic saline buf-
fered at pH 7.3 with phosphate (PBS), the capsule
was stripped away, and the cortex was separated
surgically from the medulla. The cortex was cut into
small cubes and pushed through a #150-mesh brass
sieve. The sieved cortical material was added to 100
ml of PBS, mixed, and centrifuged at 3000 rpm for
20 mm. The supernatant was discarded and the tis-
sue resuspended in 15 ml of 0.1 N Tris buffer in iso-
tonic saline. An equal volume of complete Freund's
adjuvant (Difco Laboratories, Detroit, Michigan)
was added. Rabbits weighing approximately 2 kg
were immunized as follows: 0.5 ml of the suspen-
sion was injected into each footpad. Two weeks lat-
er, 0.25 ml of the suspension was injected subcuta-
neously in four different sites. The subcutaneous in-
jections were repeated at biweekly intervals. Blood
samples were collected periodically from an ear
vein, and the serum was tested for nephrotoxic po-
tency by injecting 0.5 ml daily into the tail vein of
rats for 5 consecutive days. When the antisera pro-
duced heavy proteinuria in the rats, usually after
two to three biweekly subcutaneous booster injec-
tions in the rabbits, the rabbits were exsanguinated,
and the sera separated and frozen. In a series of pre-
liminary experiments, it was found that daily injec-
tion of 0.5 ml of the antisera into the tail vein of rats
for 5 days, followed by 3 to 5 days, resulted in
heavy proteinuria and positive sodium balance in
every animal tested. If a longer period were allowed
to elapse after the last injection (7 to 10 days), obvi-
ous ascites developed, and GFR was found to be
less than 50% of normal.
Nephrotic rats. White, male Sprague-Dawley rats
were fed a sodium-deficient diet (ICN Nutritional
Biochemicals Div., International Chemical & Nu-
clear Corp., Cleveland, Ohio) in individual metabol-
ic cages and were given 0.9 mEq of sodium chloride
per day in 50 ml of drinking water. After 3 to 5 days
on this regimen, to allow for adjustment to the diet,
two or three consecutive 24-hr urine collections
were obtained for measurement of sodium, water,
and protein excretion. Antisera (0.5 ml) was then
injected daily via the tail vein for 5 days. Two days
after the last injection, one to three 24-hr urine col-
lections were obtained again for measurement of
protein, sodium, and water excretion. In some
nephrotic rats used for collection of efferent arteri-
olar blood (group II) or for microperfusion of tu-
bules (group III) (see below), complete balances
were not obtained, but 24-hr protein excretion was
measured, and the animal was used if the value was
> 250 mg. When the urinary measurements had
been completed, micropuncture experiments were
carried out.
Group I. The methods of anesthesia, surgical
preparation of the cervical blood vessels, and isola-
tion of the left kidney for micropuncture have been
described in detail previously [6, 7]. An initial arteri-
al blood sample was obtained from the carotid artery
for measurement of serum proteins, cholesterol,
electrolytes, and hematocrit. Ringer's lactate solu-
tion was infused i.v. at 2 ml/hr throughout the ex-
periment. [Methoxy-3H]-inulin was administered
i.v. (New England Nuclear, Boston, Massachu-
setts) to measure GFR and tubular fluid reabsorp-
tion. FD & C green no. 3 dye (Keystone Aniline and
Chemical Co., Chicago, Illinois) was pulse-injected
via a jugular vein for measurement of proximal
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tubular transit time and for identification of end
proximal tubular convolutions and distal tubules.
Blood pressure was monitored continuously via a
carotid artery [6, 7], and arterial pH, Pco2, and P02
were measured periodically throughout each exper-
iment by a Radiometer micro blood gas analyzer.
Tubular fluid was collected from the last visible
proximal convolution on the surface of the kidney
and from the earliest convolution of the distal tu-
bules identified by dye appearance. Initially, tubu-
lar fluid collections were made in several rats by
previously described techniques [6, 7]. It became
apparent, however, that proximal tubular pressure
was elevated and the tubules were dilated (see be-
low), so that in subsequent experiments proximal
tubular fluid collections were made during simulta-
neous monitoring of intratubular pressure with a
second pipet. The technique was as follows: a pipet
filled with 0.5% FD & C green dye-colored isotonic
saline, attached to a water manometer, was inserted
into a proximal lumen and free-flow pressure mea-
sured [8]. Prior to insertion of the micropipet, the
pressure in the manometer was raised to approxi-
mately 8 to 9 mm Hg, and a stopcock connecting the
manometer to the pipet was then closed. As soon as
the pipet was inserted into the lumen, the stopcock
was opened, and the manometer adjusted so that
fluid neither entered nor left the pipet tip. Care was
taken to avoid introducing fluid from the pipet into
the tubular lumen. The tubing between the pipet
and manometer was branched with a Y connection,
leading to a Statham strain guage (model P 23 Dc),
which recorded the pressure on a Grass polygraph
(model 5D). A second pipet filled with Sudan black-
colored castor oil was next inserted distal to the
first pipet, an oil column injected, and tubular fluid
collected at a rate which did not alter the previously
determined free-flow hydrostatic pressure. The re-
sults of proximal tubular collections without simul-
taneous pressure monitoring will be presented sepa-
rately in Table 6. Distal tubular collections were
made in the usual way, without simultaneous mon-
itoring of pressure. In this group of rats, tubular
fluid/plasma inulin ratios (TF/P1) and single neph-
ron glomerular filtration rate (SNGFR) were calcu-
lated from proximal and distal tubular fluid collec-
tions [6, 7]. Also, the reabsorptive rate per unit of
tubular volume (C!rrr2) was calculated for individual
nephrons from the expression [9]:
C/irr2 = 2.3 log (TF/P1)
where T is the transit time to the collection site.
In addition to tubular fluid collections and hydro-
static pressure measurements, the internal diame-
ters of proximal and distal tubules were measured
under x 220 magnification with a finely divided eye-
piece micrometer. Brush borders were included in
the determination of the internal diameter, as the
base of the brush border offers a clear landmark.
Urine was collected from the exposed urinary blad-
der, as described previously [6, 7]. Six nephrotic
rats were studied by this protocol.
In six additional nephrotic rats, prepared in ex-
actly the same manner described above, samples of
blood were collected from efferent arterioles on the
surface of the kidney by a previously described
method [7], and the hematocrit of the efferent arteri-
olar blood was measured [7]. Single nephron filtra-
tion fraction (SNFF) was calculated from the ex-
pres sion:
SNFF = 1 — [Hcta (1 — Hcte)/Hcte(l — Hcta)] X
100 (2)
where Hcta is peripheral blood hematocrit and Hcte
is the efferent arteriolar blood hematoct. Plasma
flow entering individual glomeruli (SNPF) was cal-
culated from the expression:
SNPF = SNGFR/SNFF (3)
Efferent protein concentration was calculated from
arterial protein concentration, using the following:
Prote = Prota/1 — SNFF (4)
The oncotic pressure of arterial plasma (ira) was
calculated from total serum protein concentration
(C) by the empirical equation ira = 2.24 C + 0.180
C2 [10]. This equation applies when the albumin!
globulin concentration (A/G) ratio is < 0.4 [10], as
it was in the nephrotic rats. Oncotic pressure of
efferent arteriolar plasma (ire) was calculated from
efferent protein concentration, using the same em-
pirical equation. The relatively small loss of protein
from the glomerular capillaries [4] was ignored.
Group 11. In four nephrotic rats, prepared by the
same injection schedule as the preceding group, and
excreting comparable amounts of protein, intra-
tubular pressure was measured in the proximal tu-
bule during microinfusion at a point distal to the
pressure-measuring pipet, by using the method de-
scribed by Tanner and Steinhausen [11]. The micro-
infusion system was as described previously [12].
(1) The pump (Sage, model 255-2) was calibrated in vit-
ro at three different ranges to deliver 12 to 18, 32 to
48, or 60 to 75 ni/mm, respectively. The composi-
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tion of the perfusion solution per 100 ml was as fol-
lows: 68 mg of monobasic potassium phosphate, 75
mg of monobasic sodium phosphate, 156 mg of di-
basic sodium phosphate, 475 mg of sodium chlo-
ride, 1472 mg of mannitol (osmolality, 276 mOsm;
pH, 6.72). Little or no net fluid absorption occurs in
normal tubules when perfused with this isotonic
"equilibrium" solution [11]. The pressure proximal
to the infusion pipet was measured by the same
technique described for the free-flow collections. In
most instances, each tubule was infused at one rate
only. After two to three tubules in a rat had been
infused at the slowest rate, the infusion rate was in-
creased, and a second set of tubules was infused.
The pump was calibrated at the beginning and end
of each experiment, and data accepted only if the
expected rates were found, 2 nl/min.
Normal rats. Normal male Sprague-Dawley rats
were fed the same sodium-deficient diet as the
nephrotic rats, and were given 0.9 mEq/day sodium
chloride in their drinking water. One or two 24-hr
urine collections were obtained to measure sodium,
water, and protein excretion. Three groups of ani-
mals were studied, following the same protocols de-
scribed above for the nephrotic rats, with the fol-
lowing additional information: Group I. In seven
rats, proximal tubular fluid collections were made
during simultaneous monitoring of intratubular hy-
drostatic pressure, as in the nephrotic rats. Distal
tubular fluid was collected without pressure mon-
itoring. Tubular diameters were measured as in the
nephrotic rats. In six additional normal rats, collec-
tions of efferent arteriolar blood were made for he-
matocrit measurements, and calculations of SNFF,
efferent arteriolar protein concentration, and SNPF
were made using Equations 2 to 4. In these normal
rats, oncotic pressure of arterial and efferent arteri-
olar blood was calculated from the empirical equa-
tion ir = 1.63 C + 0.294 C2 [10]. Group II. Micro-
infusion of proximal tubules with the "equilibrium"
solution was carried out in five normal rats, using
the same techniques described above for the ne-
phrotic animals. In an additional four normal rats,
100 mg/100 ml bovine albumin was added to the
"equilibrium" solution, and proximal tubules were
infused at the three different rates. This concentra-
tion of albumin is close to the highest values of total
protein measured in the proximal tubules of neph-
rotic rats by Von Baeyer et al [4]. Twenty-four-hour
protein excretion in their nephrotic rats was in the
same range observed in our animals. Pressure prox-
imal to the infusion pipet was measured as de-
scribed above.
Analytic methods. [Methoxy-3H]-inulin in plasma
and tubular fluid was determined by liquid scintilla-
tion counting, as previously described [6, 7].
Plasma inulin was corrected for plasma water, de-
termined in each animal by refractometry. Sodium
and potassium in serum and urine were measured
by flame photometry. Serum proteins were mea-
sured by the method of Reinhold [13], and urinary
protein by the method of Tsuchiya [14]. Serum cho-
lesterol was measured on a Technicon autoanalyzer
by the single-channel method. Serum protein elec-
trophoresis was carried out on a Beckman micro-
zone electrophoresis apparatus. Sections were
taken from the kidneys of all nephrotic animals for
examintion by light microscopy, immunofluorescent
staining, and electron microscopy.
All balance, renal clearance, and micropuncture
data were analyzed statistically by calculating aver-
age values for each animal, and using the average to
represent all individual measurements for that ani-
mal. Mean SEM for each group was calculated
from the averages of all animals, and Student's t
test used to compare normal controls to nephrotics.
In the case of the microinfusion experiments (group
II), individual measurements were used to calculate
mean SEM.
Results
Twenty-four-hour protein excretion was mea-
sured before administration of nephrotoxic sera and
3 to 5 days after a 5-day course of injections. Pro-
tein excretion was also measured in some of the
control rats. The results are shown in Table 1. In
normal rats, 24-hr protein excretion was 27 mg,
and, in the nephrotic animals I to 2 days before mi-
cropuncture study, it was 518 mg. Recovery of in-
gested sodium (0.9 mEq/day) was 95% in normal
rats and was 74% in the nephrotic animals. Al-
though it is uncertain whether all of the unrecov-
Table 1. Urinary protein excretion and sodium balance in normal
and nephrotic rats before micropuncture studya
Sodium
Urine
protein
mgl24hr
recovered
in urine
%intake
V/H20
intake
%
Control
(N =21) 27.1 1.8 95.5 1.6 89.8 1.0
Nephrotic(N = 15) 517.8 134.9 73.9 4.3 84.1 2.2
P <0.0005 <0.0005 <0.01
a Sodium intake was 0.924 niEq!day. H20 intake was 50 ml!
day. V is urine output; N is number of animals. Values are
means SEM.
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ered sodium was retained by the animals, because
stool sodium was not measured, the large difference
in urinary recovery between the normal and ne-
phrotic animals is consistent with positive sodium
balance in the experimental rats. Recovery of in-
gested water was 90% in the normal rats, and 84%
in the nephrotic rats (P < 0.01). The observations
indicate that retention of sodium and water was tak-
ing place in the nephrotic animals just prior to mi-
cropuncture study.
Plasma chemistry values for the initial blood
specimen at the beginning of micropuncture study
are shown in Table 2. Total protein and albumin
concentrations were significantly lower in the ne-
phrotic animals, and cholesterol was markedly ele-
vated. Serum sodium and potassium concentrations
were normal in both groups, as were the hematocrit
values. These data demonstrate the abnormal albu-
min and cholesterol levels which are expressions of
the nephrotic syndrome in the experimental ani-
mals.
Table 3 presents renal clearance data obtained
during micropuncture experiments. GFR in the
nephrotic rats was reduced by 39%. Absolute so-
dium excretion rate was 47% lower in the nephrotic
rats, but FENa was not statistically different in the
two groups. Urine flow rate (V) was also significant-
ly lower in the nephrotic rats than in the controls.
Blood pressure was not different in the two groups.
Appearance of nephrotic kidneys. At the time of
micropuncture, a small accumulation of fluid was
found in the abdomen of most of the nephrotic rats.
The kidneys appeared swollen and slightly pale.
Under the microscope, the surface tubules looked
uniformly patent with very few exceptions. When
FD & C dye was pulse-injected intravenously, the
dye was seen to flow through the vast majority of
proximal tubules, clear entirely from the surface of
the kidney, and then reappear in surface distal tu-
bules, albeit at a slower than normal velocity (see
below).
Micropuncture data (Table 4 and Figs. 1 to 4).
Figure 1 shows measurements of free-flow hydro-
static pressure in proximal and distal tubules of
the two groups of rats. We found that pressure in
the proximal tubule of the nephrotic rats was signifi-
cantly increased to 13.4 0.2 vs. 10.4 (sEM) 0.2
mm Hg in the normal rats (P < 0.001). There was
little or no overlap between the two groups. Hydro-
static pressure in the distal convoluted tubules was
4.9 0.2 mm Hg in the normal rats and 4.5 (sEM)
0.2 mm Hg in the nephrotic rats (P = NS).
Figure 2 shows measurements of the internal di-
ameters of proximal and distal tubules. The mean
diameter of the proximal tubules in normal rats was
18.4 (sEM) 0.7 , and in the nephrotic rats, it was
31.3 (sEM) O.9tt (P < 0.001). The diameter of the
distal tubules was 13.4 (sEM) O.6.t in the normal
rats and 12.8 (sEM) O.5j.t in the nephrotic rats
(P = NS).
Table 2. Plasma composition in normal and nephrotic ratsa
Total protein
gidi AJG
Albumin
g/dl
Cholesterol
mg!d/
Na
mEqiliter
K
mEqiliter
Hct
%
Control 5.41 0.12 0.85 0.03 2.47 0.08 49.1 2.5 147.5 1.5 4.7 0.2 47.6 1.0
N (20) (20) (20) (16) (13) (13) (13)
Nephrotic 4.45 0.14 0.39 0.04 1.21 0.12 188.2 20.1 148.9 2.2 4.6 0.1 46.4 1.1N (19) (19) (19) (19) (13) (13) (13)P <0.0005 <0.0005 <0.0005 <0.0005 NS NS NS
a Data are for initial blood collection at beginning of micropuncture study. N is the number of animals; A/G, arterial plasma albumin!
globulin protein ratio. Values are means SEM.
Table 3. Renal clearance data in normal and nephrotic rats during micropuncture studiesa
V GFR UNaV UKV FENa FE BP
U/P,,, pJ/min!kg mi/nun/kg pEq/min/kg p.Eq/min/kg % % mm Hg
Control 337.9 40.8 29.9 3.3 8.64 0.50 2.13 0.35 2.05 0.43 0.17 0.03 5.60 1.28 119.2 1.4
N (13) (13) (13) (13) (13) (13) (13) (13)
N' (l8) (18) (18) (18) (18) (18) (18) (34)
Nephrotic 303.4 35.5 20.7 3.0 5.26 0.58 1.13 0.21 1.21 0.18 0.16 0.04 5.81 1.23 118.8 2.2
N (13) (13) (13) (13) (13) (13) (13) (13)
N' (20) (20) (20) (20) (20) (20) (20) (39)
P NS <0.025 <0.0005 <0.0125 <0.05 NS NS NS
is number of animals; N', number of observations. Values are means SEM.
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Fig 1. Intratubular hydrostatic pressures in individual proximal
and distal tubules of normal and nephrotic rats.
Transit time of pulse-injected dye through the vis-
ible portions of the proximal tubule is shown in Fig.
3. The mean transit time in the normal rats was 11.2
(sEM) 0.5 sec, and in the nephrotic rats, it was
30.8 (sEM) 1.5 sec (P < 0.0005). There was no
overlap between the two groups. Transit time to the
distal tubule could not be measured accurately in
the nephrotic rats because the dye appeared at
widely varying times in different distal tubules. Dis-
tal transit time, however, was markedly prolonged
in general in these animals.
Figure 4 shows the percent fluid reabsorption at
the end of surface proximal convolutions, and the
earliest distal convolutions for the normal and ne-
phrotic rats. Mean percent reabsorption in the prox-
imal tubule was 61.7 (sEM) 0.8% in the normal
rats and 74.1 (sEM) 0.9% in the nephrotic rats
(P < 0.0005). Early distal reabsorption was 86.2
(sEM) 0.6% in the normal controls and 89.2 (sEM)
1.2% in the nephrotic rats (P <0.025). Thus, 24.5%
of the glomerular filtrate was reabsorbed between
the late proximal and early distal convolutions of
the normal rats, but only 15% in the nephrotic rats.
Table 4 shows a summary of the micropuncture
data from the group-I animals. SNGFR measured in
the proximal tubules was 27.7 nl/min in the normal
rats and 16.5 nl/min in the nephrotic rats, a 40% re-
duction. SNGFR measured from distal tubular col-
lections was very close to values measured from
proximal collections, suggesting that the nephrotic
tubules had not become permeable to inulin. Tubu-
lar flow rate (TFR) at the end of the proximal con-
volutions, measured during simultaneous pressure
monitoring, was reduced by 60% in the nephrotic
rats. TFR in the early distal tubules was reduced by
Nephrotic rats
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Fig 2. Internal diameters of individual proximal and distal tu-
bules of normal and nephrotic rats.
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Fig 3. Transit time of i.v. pulse-injected dye through proximal
tubules of normal and nephrotic rats.
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51% in the nephrotic animals. Although fractional
reabsorption was increased in the proximal tubules,
absolute fluid reabsorption was 25% lower in the
nephrotic rats. SNFF was not different in the two
groups, but SNPF calculated from the mean
SNGFR and SNFF of separate but presumably sim-
ilar animals was reduced by 41%. Arterial oncotic
pressure (ira) was significantly reduced in the ne-
phrotic rats, as was oncotic pressure in the efferent
arteriolar blood (ire). The values for ira and ire in
the normal rats are in close agreement with data re-
ported by others [10, 15—18]. The reabsorption rate
per unit of tubular volume (CIirr2) was reduced by
46% in the nephrotic rats, in agreement with split-
droplet measurements by Rocha, Marcondes, and
Malnic [5]. Absolute fluid reabsorption between the
end-proximal and early distal convolutions, calcu-
lated from the mean values of TFR at each location,
was considerably lower in the nephrotic vs. normal
rats. Early distal TFIP10 ratios were significantly
higher in nephrotic rats than in the normal controls.
Microinfusion experiments. The effect of infusion
of proximal tubules on hydrostatic pressure mea-
sured proximal to the infusion pipet is shown in
Table 5. In the normal rats microinfused at rates
from 12 to 75 ni/mm with an "equilibrium" solution
[11], hydrostatic pressure increased only 2 mm Hg.
In sharp contrast, in the nephrotic rats, hydrostatic
Table 4. Micropuncture data for normal control and nephrotic rats
Absolute
TF/P,
TFR
ni/mm
SNGFR
ni/mm
reab. C/irr2
ni/mm sec'
SNFF
%
SNPF is-a ire
ni/mm mm Hg mm Hg
End proximal data
Control 2.64 10.6 27.7 17.1 0.0873 29.6 93.6 17.1 32.8
N (7) (7) (7) (7) (7) (6) (20) (20) (6)N' (20) (20) (20) (20) (20) (32) (20) (32)
Nephrotic 4.04 4.3 16.5 12.9 0.0474 29.8 55.4 13.4 19.0
N (6) (6) (6) (6) (6) (6) (19) (6)N' (30) (24) (24) (24) (30) (32) (19) (32)
P <0.0005 <0.0005 <0.0005 <0.005 <0.0005 NS <0.001 <0.005
Early distal data
Absolute intermediate reab.
ni/mm
Control 7.40 3.8 27.8 6.8
N (7) (7) (7)
N' (11) (Il) (11)
Nephrotic 9.79 1.9 17.6 2.3
N (4) (4) (4)
N' (13) (13) (13)
P <0.025 <0.0005 <0.0005
Values are means SEM. Abbreviations are: TFR, tubular flow rate; C/irr2, reabsorption rate per unit of tubular volume; SNFF,
single nephron filtration fraction; SNPF, single nephron plasma flow; is-a and ire, afferent and efferent arterial oncotic pressure; N,
number of animals; N', number of observations.
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Fig 4. Percent reabsorption of filtered water measured in late
segments of surface proximal convoluted tubules and early seg-
me,,ts of distal convoluted tubules in normal a,,d nephrotic rats.
Points represent individual measurements.
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pressure rose markedly, by as much as 9 mm Hg. In
most instances, the pressure remained at a constant
elevated level for 5 to 6 mm of infusion. In a few
cases, after an initial rise, pressure fell gradually to-
ward the free-flow value. In normal rats micro-
infused with the equilibrium solution containing 100
mgIlOO ml albumin, pressure rose significantly at all
infusion rates, reaching values as high as in the
nephrotic rats infused with a protein-free solution.
These pressures remained at a constant new level as
long as the infusion was continued (4 to 6 mm).
Histology. Light microscopy revealed minimal
hypercellularity of the glomeruli and moderate dila-
tation of proximal tubules in the nephrotic animals.
PAS-positive material, presumably protein, was
seen in the tubular lumen and loops of Henle. Im-
munofluorescent staining with goat antigammaglob-
ulin showed bright linear deposits in the basement
membrane of the glomeruli of all nephrotic animals,
but not in the normal rats. In some instances, the
glomerular deposits appeared finely granular. De-
posits were seen only in glomerular tufts, and not in
tubular basement membranes. Electron microscopy
showed scattered subepithelial dense deposits and
fusion of the food processes in the glomeruli. These
findings are similar to early changes described in
several other studies of nephrotoxic serum nephritis
in rats [2, 3, 19, 20].
Discussion
The results of the present study suggest that in
the early stage of nephrotic syndrome in rats, dur-
ing active retention of sodium and water, there is
increased resistance to flow of fluid between the
proximal and distal tubules. We found that the hy-
drostatic pressure gradient between the proximal
and distal tubules was significantly increased and
the internal diameter of the proximal tubules was
markedly widened. Because SNGFR was lower
than normal and tubular fluid flow rates were very
slow in the nephrotic rats, the findings of high proxi-
mal pressure and dilated tubules are most consis-
tent with increased resistance to flow. A similar pat-
tern of dilated tubules, reduced SNGFR, increased
proximal tubular pressure, prolonged transit time,
and increased fractional reabsorption of fluid is seen
in obstructive nephropathy [21, 22]. In the distal
convoluted tubules, hydrostatic pressure and inter-
nal diameter were the same as in normal control
rats. Thus, the observations suggest that the loca-
tion of the increased resistance to flow was in seg-
ments between the end of the surface proximal con-
volutions and the distal convoluted tubule. In-
creased resistance might have also been present in
segments beyond the surface distal tubules but was
not apparent because of the reduced delivery of
fluid to this portion of the nephron. Whether this
was the case or not, the functionally important site
of increased resistance appeared to be between the
proximal and distal convoluted tubules, since the
proximal tubule manifested the significant abnor-
malities. Allison, Wilson, and Gottschalk [3] also
found hydrostatic pressure to be increased in proxi-
mal tubules of nephrotic rats at a time when
TableS. Intratubular pressure during microinfusion of proximal tubules of normal and nephrotic ratsa
Low infusion rate
(12 to 18 nL'min)
Medium infusion rate
(32 to 48 nllmin)
High infusion rate
(60 to 74 nllmin)
Before During
mtnHg mmHg
Before During
mrnHg mmHg
Before During
mmHg mmHg
Normal rats (group I):
Nonprotein equilibrium solution
N
P
10.19 0.43 11.21 0.22
(5) (5)
NS
10.91 0.32 11.87 0.39
(8) (8)
< 0.0005
10.21 0.32 12.24 0.77
(7) (7)
<0.005
Nephrotic rats (group II):
Nonprotein equilibrium solution
N
P
12.95 0.30 18.17 1.33
(9) (9)
< 0.005
12.64 0.38 18.66 0.95
(10) (10)
< 0.0005
13.20 0.75 21.98 1.48
(7) (7)
< 0.0005
Normal rats (group III):
Protein-containing solution
N
P
10.62 0.23 13.00 0.80
(8) (8)
< 0.0125
11.14 0.18 16.50 1.32
(8) (8)
< 0.005
10.52 0.43 22.00 1.03
(8) (8)
<0.0005
Grouplvs. III
Grouplvs.II
NS NS
<0.0005 <0.0025
NS <0.0025
<0.0025 <0.0005
NS < 0.0005
<0.0125 <0.0005
a Values are means SCM. N is number of tubules infused.
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SNGFR was reduced. Pressures were not measured
in distal tubules, and no explanation for the high
proximal pressures was given [3].
The mechanism of the increased resistance to
flow in the nephrotic rats is unclear. Interstitial ede-
ma of the medulla could cause compression and
narrowing of the loops of Henle. Alternatively, pro-
tein precipitates (casts) in the tubular lumen might
become trapped in the loop of Henle causing partial
obstruction to flow. To examine these two alterna-
tive possibilities, we carried out the microinfusion
experiments summarized in Table 5. Proximal tu-
bules of normal and nephrotic rats were infused
with an 'equilibrium" solution that is only mini-
mally absorbed by normal nephrons [11], and intra-
tubular pressure was measured proximal to the in-
fusion pipet. In normal rats, pressure rose only by 2
mm Hg at the highest infusion rates, whereas in the
nephrotic rats, pressure increased by a greater
amount at all rates of infusion (range, 5 to 9 mm
Hg). In most instances, the pressure remained ele-
vated as long as the infusion was continued, but in
some tubules it gradually declined. When 100 mg/
100 ml bovine albumin was added to the infusion
fluid and proximal tubules of normal rats were in-
fused, pressure increased significantly at all rates of
infusion, and at the higher rates, pressure was com-
parable to that observed in the nephrotic rats. This
finding suggests that protein in the tubular fluid
rather than extrinsic pressure on the loop of Henle
was responsible for the increase in resistance to
flow. The mechanism of the acute protein effect is
not clear. Whereas protein casts may have partially
occluded the lumen of narrow segments of the
nephron in the nephrotic rats, it seems unlikely that
casts formed in the tubules of the normal rats in-
fused for a few minutes with the protein-containing
solution. Measurements of the viscosity of the pro-
tein-free and protein-containing perfusion fluids at
370 C, using a glass capillary viscometer, yielded
values of 0.7048 and 0.7364 centipoise, respectively.
Thus, viscosity of the protein-containing solution
was only 4% higher. Although it seems unlikely that
this small change can account for the findings, vis-
cosity changes in very narrow tubes, such as the
loop of Henle, might have a greater effect on resis-
tance to flow than in large-bore tubes. Other possi-
bilities are that the protein underwent some phys-
icochemical change in the tubular lumen, which de-
creased the fluidity of tubular fluid, such as
aggregation of molecules, or that an interaction oc-
curred between the protein molecules and the brush
border of the tubules. Further studies are needed to
determine the nature of this effect.
The mechanism of the increase in fractional reab-
sorption in the nephrotic rats is uncertain, but prob-
ably cannot be accounted for by prolongation of
transit time [9] or high intratubular pressure [23]per
Se. One possibility is that the greatly reduced rate of
tubular fluid flow, due to a combination of reduced
SNGFR and increased downstream resistance, led
to increased fractional reabsorption. Bartoli and
Earley [24] found in in vivo microperfusion experi-
ments that when intraluminal flow rate is decreased,
fluid reabsorption does not fall by a comparable de-
gree, and thus fractional reabsorption increased.
More recently, Andreoli, Schafer, and Troutman
[25] studied the relationship between perfusion rate
and tubular reabsorption in isolated rabbit proximal
tubules. The absolute rate of reabsorption (Jv) was
found to vary directly with perfusion rate (V°), but
the ratio Jv/V° increased as V° decreased. In these
in vitro experiments, the bathing medium was con-
stant, and therefore peritubular forces cannot ac-
count for the changes in fractional reabsorption
with variations in luminal flow rate. Tucker and
Blantz [26] studied interstitial Starling forces in rats
under various experimental conditions, in order to
determine controlling factors for proximal fluid
reabsorption. They found that absolute proximal
reabsorption correlated best with the filtered load,
but not with peritubular physical forces, and con-
cluded that glomerulotubular balance in the proxi-
mal tubule can be attributed in part to intraluminal
factors. These various observations lead us to sug-
gest that the marked slowing of proximal flow rate,
due to a combination of increased downstream re-
sistance and reduced SNGFR, was responsible for
the decrease in absolute fluid reabsorption (Table 4)
as well as the increase in fractional reabsorption
found in the proximal tubule.
In several other micropuncture studies of NTS-
induced nephrotic syndrome in rats, no significant
increase in fractional reabsorption in the proximal
tubules was found [2-5]. The reason for the dif-
ference is not certain, but a number of possibilities
can be considered. First, sodium retention was not
induced [2], or was transient [4] in two studies. In
the experiments by Allison, Wilson, and Gottschalk
[3], sodium retention occurred but animals were
studied at widely variable periods of time after the
onset of nephrotic syndrome (10 to 38 days), and
marked heterogeneity of tubular function was
found. If tubular function is studied at a time after
ECF volume expansion has occurred, the volume
expansion might restore proximal reabsorption to
normal, thereby masking the abnormality which
was responsible for the initial sodium retention.
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Rocha, Marcondes, and Malnic [5] did find TF/P111
to be higher in nephrotic rats than in controls (3.23
vs. 2.53) but the difference was not statistically sig-
nificant. Proximal tubular fluid collections were ob-
tained from random points rather than terminal con-
volutions, and volume expansion was produced by
infusion of 5% mannitol. These differences in pro-
tocol may account for the different results. In agree-
ment with our study, Godon [27] did find increased
proximal fluid reabsorption to 79% and prolonged
transit time (19.2 sec) in nephrotic rats. In a study of
autologous immune complex nephrotic rats, Ber-
nard et al [28] found fluid reabsorption during vol-
ume expansion to be normal in all nephron sites up
to the end of the distal convoluted tubule. Because
sodium excretion was less in the nephrotic than in
control rats, they concluded that either the collect-
ing ducts or deep nephrons were the site of sodium
retention. It was not shown, however, that the ani-
mals were in a stage of active sodium retention at
the time of study, and volume expansion produced
by infusion of saline (10% of body weight) could
have obscured an abnormality in the proximal tu-
bule.
In addition to differences in experimental pro-
tocols, we found that a technical problem exists in
collecting tubular fluid from dilated tubules under
increased pressure. Table 6 shows micropuncture
data from two groups of nephrotic rats, one in
which tubular fluid was collected without mon-
itoring intratubular pressure and the other in which
collections were made at a rate which did not alter
free-flow pressure. It is clear that much higher val-
ues for SNGFR, TFR, and absolute reabsorptive
rates were found when pressure was not controlled.
Although TF/P1 was only slightly lower when pres-
sure was not monitored, the observations in this
table suggest that important artifacts may occur
when fluid is collected from dilated tubules under
increased pressure unless the rate of collection is
controlled by pressure monitoring.
Sodium and water retention in our nephrotic rats
might be attributed to the reduction in GFR, be-
cause FENa and UIP ratios in the urine were not
significantly different than in the normal control rats
(Table 3). It seems unlikely, however, that the de-
crease in GFR is the entire explanation. In rats with
reductions in GFR of> 50% due to chronic pyelone-
phritis [29, 30] or subtotal nephrectomy [30], 24-hr
sodium excretion in the awake animal is not less
than in normal control animals, and overt sodium
retention does not occur. FENa, measured while the
animals are under anesthesia and prepared for mi-
cropuncture, is much higher than in normal con-
trols, and UNaV is equal to that in controls, not re-
duced as in the present nephrotic animals [6, 29,
30]. In patients with nonnephrotic glomerulonephri-
tis, decreases in GFR are thought to be responsible
for an increase in total body sodium, but overt ede-
ma does not usually develop and FENa is increased
in proportion to the reduction in GFR, presumably
reflecting a decrease in fractional reabsorption by
the tubules [1]. In sharp contrast, in some patients
with a nephrotic syndrome, GFR may be normal or
even elevated, and increased tubular reabsorption
is clearly responsible for sodium retention [31].
Thus, reductions in GFR, unless very severe, do
not seem to be responsible for edema formation [I].
In our nephrotic rats, the absence of an increase in
FENa in the face of a 40% decrease in GFR implies
an inappropriate tubular response, conducive to so-
dium retention. We postulate, therefore, that the in-
crease in proximal fractional reabsorption found in
the nephrotic rats was an important factor contrib-
uting to sodium retention. Peritubular physical
forces cannot account for this increase [15], but in-
creased resistance to flow secondary to heavy pro-
teinuria seems to be the causative factor.
Table 6. Comparison of proximal tubular micropuncture data in nephrotic rats with and without simultaneous pressure monitoringa
SNGFR
ni/mm
TFR
ni/mm TF/P1
Absolute reab.
ni/mm
GFR
mi/mm/kg U/P1,
Pressure monitored 16.5 1.5 4.3 0.2 4.04 0.19 12.9 1.1 5.26 0.58 303 35
N (6) (6) (6) (6) (13) (13)
N' (24) (24) (30) (24) (20) (20)
Pressure not monitored 34.1 3.4 9.1 0.9 3.83 0.06 25.1 6.39 1.29 260 48
N (7) (7) (7) (7) (7) (7)N' (26) (26) (26) (26) (14) (14)
P <0.0005 <0.0005 NS <0.005 NS NS
a Values are means SEM. N is the number of animals; N1. the number of observations; TFR, tubular flow rate.
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